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Recent experiments suggest that Xenopus Neurotrophin Receptor Homolog 1 (NRH1) proteins act through the planar cell polarity pathway to
regulate convergent extension movements during gastrulation and neurulation. We show in this paper that NRH1 proteins are also required for the
proper expression of mesodermally expressed genes such as Xbra and Chordin, and to a lesser extent, of Xwnt11. Loss of NRH1 function is
followed, during gastrula and neurula stages, by a dramatic increase in apoptosis. Apoptosis is delayed by injection of Xbra RNA, suggesting that
cell death is a consequence, at least in part, of the down-regulation of this gene, and it is also delayed by expression of activated forms of Rho, Rac
and Cdc42. These small GTPases have previously been implicated in the planar cell polarity pathway in Xenopus and, in other systems, in the
regulation of apoptosis. We conclude that the effects of NRH1 proteins include the regulation of mesodermal gene expression and that the
disruption of gastrulation that is caused by their loss of function is a consequence of the down-regulation of Xbra and other genes, in addition to
direct interference with the planar cell polarity pathway. The apoptosis observed in embryos lacking NRH1 function is not an indirect consequence
of the disruption of gastrulation, and indeed it may contribute to the observed morphological defects.
© 2006 Elsevier Inc. All rights reserved.Keywords: NRH1; p75NTR; Mesoderm induction; Xbra; Small GTPases; Apoptosis; Planar cell polarityIntroduction
Xenopus NRH1 proteins are expressed in the prospective
mesoderm of the early gastrula embryo in response to
signalling by FGF family members (Bromley et al., 2004;
Chung et al., 2005; Sasai et al., 2004). Until recently, the
roles of these proteins have been unclear, but it is now
established that they play a part in the planar cell polarity
(PCP) pathway that allows cells to become polarised and
thereby undergo proper gastrulation movements (Chung et al.,
2005; Sasai et al., 2004). In particular, NRH1 activates the
small GTPases Rho, Rac and Cdc42 (Chung et al., 2005;
Sasai et al., 2004), which are important downstream effectors
of PCP signalling (Choi and Han, 2002; Habas et al., 2003;
Habas et al., 2001; Penzo-Mendez et al., 2003; Strutt et al.,⁎ Corresponding author.
E-mail address: jim@gurdon.cam.ac.uk (J.C. Smith).
0012-1606/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2006.09.0381997). This activation occurs downstream of Dishevelled,
suggesting that it does not require signalling by Wnt and
Frizzled proteins.
In this paper, we investigate further the mode of action of
NRH1 and find, to our surprise, that loss of NRH1 function
caused by injection of antisense morpholino oligonucleotides
(MOs) causes the down-regulation of genes such as Chordin,
Xwnt11 and Xbra. Xbra activates the expression of Xwnt11
and perhaps other components of the planar cell polarity
pathway (Tada and Smith, 2000), as well as eFGF (Casey et al.,
1998), a member of the fibroblast growth factor family that is
also required for normal gastrulation in Xenopus (Nutt et al.,
2001; Sivak et al., 2005). Our results therefore indicate that
NRH1 controls gastrulation through a route involving genes
such as Xbra and Xwnt11 as well as by direct regulation of
small GTPases.
NRH1 proteins contain cytoplasmic ‘death domains’ that
are involved in apoptotic signalling (Bromley et al., 2004;
Kanning et al., 2003; Liepinsh et al., 1997; Tartaglia et al.,
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apoptosis in Xenopus embryos. This programmed cell death
can be rescued to some extent by ectopic expression of Xbra,
suggesting that it derives in part from the down-regulation of
Xbra (Conlon and Smith, 1999). Apoptosis can also be
delayed by expression of constitutively active forms of Rho,
Rac and Cdc42, proteins which have been implicated in
programmed cell death in other systems (Sahai and Marshall,
2002). We note, however, that inhibition of the PCP pathway
by use of Dsh-DEP+, a dominant-negative version of
Dishevelled (Tada and Smith, 2000), causes rather limited
programmed cell death, suggesting that apoptosis in response
to loss of NRH1 occurs not solely due to loss of small
GTPases and disruption of gastrulation, but also by some
other, possibly direct, mechanism.
Together with those of others (Chung et al., 2005; Sasai
et al., 2004), our results suggest that NRH1 proteins play
multiple roles in the early Xenopus embryo, including the
regulation of gene expression, the Dishevelled-independent
activation of small GTPases and perhaps the direct regulation of
programmed cell death.
Materials and methods
Xenopus embryos and micromanipulation
Xenopus embryos were obtained by artificial fertilisation. Xenopus laevis
embryos were maintained in 10% normal amphibian medium (NAM) (Slack,
1984) and Xenopus tropicalis embryos in 0.1% MMR. They were staged
according to Nieuwkoop and Faber (1967). Embryos were injected with
antisense morpholino oligonucleotides or RNAs as described (Khokha et al.,
2002; Smith, 1993).
Expression constructs and transcription
Xenopus NRH1a and NRH1b cDNAs, containing either the complete open
reading frame or the complete open reading frame together with 5′
untranslated sequence, were amplified using the polymerase chain reaction
(PCR) and cloned into the vector pCS2+ so as to introduce a C-terminal HA-
tag. These constructs were linearised with NotI, and sense RNA was
transcribed by SP6 RNA polymerase. For the ‘rescue’ experiment, the
NRH1b open reading frame was amplified by PCR from the plasmid
IMAGE4405639 and cloned into pSP64 digested with NotI and XhoI. The
construct was linearised with SalI and transcribed using SP6 RNA
polymerase. HA-tagged Xbra was transcribed from the plasmid described
by Tada et al. (1997). Constitutively active forms of Rho, Rac and Cdc42
(RhoG14V, RacG12V and Cdc42G12V) in the vector pCS2 were the kind gift
of Dr. Y. Sasai (Sasai et al., 2004). A plasmid containing a truncated His-
tagged form of human poly(ADP) ribose polymerase (tPARP) was the kind
gift of Dr. A. Shimamura.
Xenopus NRH1 and Brachyury antisense morpholino oligonucleotide
Antisense morpholino oligonucleotides designed to inhibit the translation of
X. laevis and X. tropicalis NRH1 proteins are described in Fig. 1. They were
obtained fromGene Tools (Philomath, OR). MOs designed to prevent the correct
splicing of X. tropicalisRNAs are described in Fig. 7. The sequences are +intron
1 MO 5′ AGAGAGAAAGCCCACCTTGGAGATC 3′; Δexon 2 MO 5′
ACAATCCCCAACTTACTCTCTGTGC 3′. The efficacy of the MOs designed
to inhibit splicing was tested by carrying out PCR reactions and running the
products on a 2% agarose gel (Fig. 7D). PCR primers are: F1: 5′
GAGGGGCCCTATTTTAACCA 3′; R1: 5′ CTTCCACCAGCCCTAGACAG
3′; R2: 5′ CTTCACCTCGGTCTCTTTGC 3′.The sequence of an antisense morpholino oligonucleotide directed against
Xbra was 5′ CATAGTATTGATGATGTCTCCTCTG 3′. The first three bases
(underlined) correspond to the translation start site of the protein.
Whole-mount immunocytochemistry
Embryos were fixed in MEMFA (100 mM MOPS pH 7.4, 2 mM EGTA,
1 mM MgSO4, 4% formaldehyde) and bleached and stained essentially as
described (Chalmers et al., 2005), using monoclonal anti-β-tubulin isotype I+ II
(clone JDR.3B8, Sigma) followed by Alexa495 conjugated anti-mouse antibody
(Molecular Probes). DNA was then stained with Sytox Green (Molecular
Probes). Nuclear and spindle morphologies were observed by confocal
microscopy using a BioRad Radiance 2000/Nikon Eclipse E800 microscope.
Cell motility assays
‘Keller sandwiches’ were prepared essentially as described (Keller, 1991).
Cell spreading assays were carried out as described (Smith et al., 1990b);
partially purified activin was used at a concentration of 20 units/ml (Cooke et al.,
1987).
TUNEL and tPARP cleavage assays
Whole-mount TUNEL staining and poly(ADP) ribose polymerase (tPARP)
cleavage assays were performed essentially as described (Hensey and Gautier,
1997). Cycloheximide treated embryos served as a positive control for tPARP
cleavage. Cycloheximide was dissolved in ethanol at 10 mg/ml and used at a
final concentration of 100 μg/ml.
Whole-mount in situ hybridisation
In situ hybridisations were carried out essentially as described (Harland,
1991), except that BMP Purple (Roche) was used as a substrate. NRH1 and
Xbra probes were as described (Bromley et al., 2004; Smith et al., 1991).
Western blots
Western blots were performed as described (Tada et al., 1997), using
monoclonal antibody 12CA5 to detect the HA epitope, a polyclonal rabbit
anti-Xbra antibody to detect Brachyury (Cunliffe and Smith, 1994) and
mouse monoclonal anti-GAPDH antibody (clone 6C5; HyTest) as a loading
control.
Quantitative RT-PCR
Total RNA was prepared from ten pooled Xenopus embryos using the
TriPure reagent (Roche), followed by DNAseI digestion, proteinase K
treatment, phenol/chloroform extraction and ethanol precipitation. RNA was
dissolved in water and used as a template for real-time RT-PCR. Real-time
RT-PCR with the LightCycler (Roche) was carried out using the manufac-
turer's RNA amplification kit. All determinations included a negative control,
and a serial dilution of embryo RNA was used to create a standard curve.
Primers specific for Xbra, Goosecoid, Chordin and Ornithine decarboxylase
(ODC) were as described by Piepenburg et al. (2004), and primers for
NRH1a and NRH1b were as described by Bromley et al. (2004). Xwnt11
primers were 5′ CCACTCTCAGCCATACCATTGC 3′ and 5′ TGCTTGACTT-
CATTGGAGCGTC 3′. All values were normalised to the level of ODC in each
sample.
Results
NRH1 antisense morpholino oligonucleotides
Xenopus NRH1 genes are expressed at the onset of
gastrulation throughout the marginal zone of the embryo
Fig. 1. Expression pattern of NRH1a and the design of NRH1 antisense morpholino oligonucleotides (MOs). (A) Expression pattern of NRH1a. RNAwas extracted at
the indicated stages from animal pole (AP), marginal zone (MZ) and vegetal pole (VP) regions, and the expression of NRH1a and ornithine decarboxylase (ODC) was
analysed by real-time RT-PCR and normalised to levels of total RNA, with maximum observed expression defined as 100. Note significant levels of NRH1a
expression in animal and vegetal pole regions. The inset shows expression of NRH1a at early gastrula stage 10 analysed by in situ hybridisation. There are high levels
of NRH1a expression in the marginal zone, as previously reported (Bromley et al., 2004). (B) Expression pattern of Xbra, analysed and normalised as described for
(A). Note that expression of this gene in animal pole and vegetal pole regions is lower than that of NRH1a. (C) The design of antisense morpholino oligonucleotides
directed against NRH1 gene products in X. laevis and X. tropicalis. The initiating ATGs of X. laevis NRH1a and NRH1b and of X. tropicalis NRH1 are shown in red,
preceded by their 5′ untranslated sequences. The sequences targeted by the indicated antisense morpholino oligonucleotides are coloured blue or green. A control MO
differs by four bases (starred) from Xl MOb1. (D) Efficacies of the antisense morpholino oligonucleotides. Embryos were injected with 40 ng of the indicated MOs at
one-cell stage, and 500 pg RNA encoding HA-tagged versions of NRH1a or NRH1b was injected at the two-cell stage. Embryos were cultured until mid blastula stage
8, and extracts were subjected to western blotting using an anti-HA antibody. All four X. laevisMOs block the translation of their cognate RNAwhile the control MO
has little or no effect.
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with Xbra reveals that they are also expressed in the animal
hemisphere of the embryo and perhaps also in vegetal cells
(Figs. 1A, B). Like other workers (Chung et al., 2005; Sasai
et al., 2004), we have investigated the functions of NRH1
proteins by means of antisense morpholino oligonucleotides
(MOs) (Heasman et al., 2000). Two NRH1 genes have been
identified in X. laevis, now designated NRH1a and NRH1b
(Bromley et al., 2004; Chung et al., 2005; Kanning et al.,
2003; Sasai et al., 2004), and we designed two antisense
morpholino oligonucleotides (MOs) against each of these(Fig. 1C). An additional MO was designed to recognise the
single known X. tropicalis NRH1 gene (Fig. 1C; see also
Materials and methods). A control MO differed by four
nucleotides from the Xl MOb1 sequence (Fig. 1C).
We note that our Xl MOa1 is identical to that employed by
Sasai and colleagues to target the same gene (Sasai et al., 2004)
but overlaps with the oligonucleotide used by Chung et al. by
just three bases (Chung et al., 2005). Our Xl MOb1 is two bases
longer than that used by Sasai et al. (2004) and is identical to
that of Chung et al. (2005). Neither of these groups studied the
X. tropicalis gene.
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transcript in a specific manner following injection of tagged
RNA into Xenopus embryos at the one-cell stage (Fig. 1D and
data not shown). The control MO affects translation of neither
NRH1a nor NRH1b RNA (Fig. 1D).
Down-regulation of NRH1 leads to gastrulation defects
Injection of our NRH1 MOs into Xenopus embryos caused a
delay in gastrulation, a failure to close the blastopore and a fail-
ure to close the neural tube, accompanied by cell disaggregation
(Figs. 2A–D). The two MOs positioned closer to the translation
start site of the RNAs (a1 and b1) were more potent than those
positioned more 5′, but all gave essentially the same phenotype.
During and after the neurula stages depicted in Figs. 2A–C, the
cells of embryos injected with NRH1 MOs tended to
disaggregate. This becomes particularly obvious at the tailbud
stages shown in Figs. 2D–F. At lower doses of MO, embryos
developed to tadpole stages, but were characterised by shortened
body axes and frequent spina bifida (data not shown). Together,
these phenotypes resemble those previously reported by other
groups (Chung et al., 2005; Sasai et al., 2004).
Our attempts to ‘rescue’ the disruption of development
caused by injection of NRH1 MOs did not meet with success
(data not shown), perhaps because we could not recapitulate the
normal expression pattern of the gene by this approach. Indeed,
ectopic expression of NRH1 also causes disruption of
gastrulation and truncation of the body axis (Chung et al.,
2005; Sasai et al., 2004). However, the effects we observe are
likely to be specific because the same phenotype was observed
in X. tropicalis following injection of an MO directed against
the single known NRH1 homologue in this species (Fig. 2G–J).
We also obtained a similar phenotype in X. tropicalis using
antisense MOs designed to interfere with the correct splicing of
the X. tropicalis transcript (see Fig. 7). Finally, we note that
partial, and dose-dependent, rescue of the NRH1 phenotype was
obtained by both Chung et al. (2005) and Sasai et al. (2004).
Chung and colleagues also found that expression of just the C-
terminal death domain of NRH1 was sufficient to elicit partial
rescue.
A non-specific effect of Xl MOa1
In the course of our experiments, we observed that
injection of the antisense morpholino oligonucleotide Xl
MOa1 into embryos of X. laevis caused a delay in cell
division, beginning at mid to late blastula stages (Figs. 3A, B).
This effect was accompanied by the appearance of aberrant
mitotic figures; chromosomes frequently failed to separate
during anaphase and cells did not undergo proper cytokinesis
(Figs. 3C–F). We believe that this phenotype, which was not
reported by Sasai et al. (2004), is non-specific. It was not
observed following injection of any of the other MOs directed
against X. laevis or X. tropicalis NRH1 (Figs. 3G, H and data
not shown) but did occur following injection of Xl MO1a into
X. tropicalis (data not shown). Only 17 of the 25 nucleotides
of Xl MOa1 are complementary to the X. tropicalis sequence,suggesting that this MO interferes with the translation of an
unrelated mRNA. Although we have not yet identified such an
RNA, we note that a similar phenomenon has been observed
in experiments on the sea urchin embryo, where MOs targeted
against SpRunt proved also to interfere with the translation of
histone RNA (Coffman et al., 2004).
Out of concern for the specificity of Xl MOa1, the rest of the
X. laevis work described in this paper makes use predominantly
of Xl MOb1. Importantly, we note that our results have been
validated by the use of three distinct antisense MOs designed to
target X. tropicalis NRH1.
NRH1 proteins are required for cell adhesion and for
convergent extension
Gastrulation involves two types of cell movement:
prechordal mesodermal cells undergo active migration,
while cells of the chordamesoderm undergo convergent
extension (Gerhart and Keller, 1986; Keller and Shook,
2004; Winklbauer, 1990; Winklbauer and Keller, 1996).
Previous work has shown that inhibition of NRH1 function
interferes with convergent extension (Chung et al., 2005;
Sasai et al., 2004), and it is also known that NRH1a
influences both the number of filopodia in mesodermal cells
and their morphologies (Chung et al., 2005). To investigate
this question further, we have, like others (Kwan and
Kirschner, 2003), treated dissociated animal pole blasto-
meres with the mesoderm-inducing factor activin (Smith et
al., 1990a), a procedure which causes the cells to acquire
the ability to spread, produce lamellipodia and migrate on a
fibronectin-coated substrate (Smith et al., 1990b).
Although blastomeres derived from embryos injected with
Xl MOb1 were slightly slower to spread than were cells
derived from control embryos, by early neurula stage 13,
there was little difference in the ability of cells derived from
control embryos and those in which NRH1 function was
inhibited to spread on fibronectin (Fig. 4A; compare green
cells with red). We observed, however, that cells derived from
embryos injected with Xl MOb1 frequently detached from the
substrate at mid-neurula stages (stage 15), while control cells
remained adherent (Fig. 4B). On other occasions, the two
populations of cells detached at a similar time, but cells
derived from control embryos tended to form small clumps
while those derived from embryos in which NRH1 function
was inhibited remained as single cells (Figs. 4C–F). We
conclude that cells lacking NRH1 function have the ability to
spread on a fibronectin-coated surface and to produce
lamellipodia, but that their adhesive properties at later stages
are altered by loss of NRH1 proteins.
Previous studies (Chung et al., 2005; Sasai et al., 2004) have
addressed the role of NRH1 proteins in convergent extension
movements by studying the elongation of activin-treated animal
pole regions (Symes and Smith, 1987) and by following the
behaviour of isolated dorsal marginal zone tissue (Sasai et al.,
2004). Our experiments making use of ‘Keller sandwiches’
confirm that inhibition of NRH1 function causes a marked
reduction in the elongation of isolated dorsal marginal zones
Fig. 2. Down-regulation of NRH1 proteins causes defects in gastrulation. (A–C) X. laevis embryos were injected at the one-cell stage with 80 ng of a control MO, or Xl
MOa1 or Xl MOb1. Embryos shown are at the equivalent of neurula stage 16. Note that embryos injected with control MO develop normally, while those injected with
Xl MOa1 (B) or Xl MOb1 (C) do not complete gastrulation normally. (D–F) Embryos injected with 40 or 80 ng Xl MOb1 as indicated, shown at the equivalent of stage
28. Embryos injected with Xl MOb1 tend to disaggregate and arrest development so as to resemble those at gastrula or neurula stages (E, F). (G–J) X. tropicalis
embryos injected with Xt MO show a similar phenotype to that observed in X. laevis embryos. (G, H) Embryos injected with 30 ng of a control antisense morpholino
oligonucleotide develop normally, while those injected with 30 ng Xt MO do not complete gastrulation normally (I) and go on to exhibit anterior and posterior
truncations (J).
558 D. Knapp et al. / Developmental Biology 300 (2006) 554–569
Fig. 3. Antisense morpholino oligonucleotide Xl MOa1 causes defects in nuclear division. (A, B) One cell of an X. laevis embryo at the two-cell stage was injected
with 40 ng control MO together with fluorescein-dextran (green), and the other cell was injected with Xl MOa1 together with rhodamine-dextran (red). Note that Xl
MOa1 causes retardation of cell division. (C, D) By neurula stage 14, embryos injected with Xl MOa1 have many fewer cells than control embryos and larger nuclei.
DNA is stained with SYTOX green. (C) Embryo previously injected at the one-cell stage with 80 ng control MO. (D) Embryo injected with 80 ng Xl MOa1; note the
smaller number of much larger nuclei. (E, F) Higher magnification of cells in the animal pole regions of such embryos at mid gastrula stage 11. DNA is stained by
SYTOX green and tubulin by means of an antibody against β-tubulin (red). (E) Embryo injected with 80 ng control MO. Note normal metaphase figures (arrowheads).
(F) Embryo injected with Xl MOa1. Note mitoses with multiple spindles (arrowheads). (G, H) In a separate experiment, embryos injected with 80 ng Xl MOa1 also
show abnormal mitosis (G), but cells in an embryo injected with the same amount of Xl MOb1 appear normal.
559D. Knapp et al. / Developmental Biology 300 (2006) 554–569(Figs. 4G, H). We note, however, that dorsal marginal zone
tissue derived from embryos injected with Xl MOb1, in contrast
to control tissue, fails to form cement glands (Fig. 4H) and that
these explants also shed many cells (Fig. 4H, inset). These
behaviours may contribute to the poor elongation of dorsal
marginal zone tissue lacking NRH1 activity.Down-regulation of NRH1 causes apoptosis
We have observed in three contexts that cells lacking
NRH1 function change their adhesive properties during late
gastrula and neurula stages. Whole embryos injected with
NRH1 MOs shed cells from the blastopore and the neural
560 D. Knapp et al. / Developmental Biology 300 (2006) 554–569tube (Fig. 2E); activin treated cells derived from such
embryos detach prematurely from a fibronectin-coated sub-
strate and fail subsequently to adhere to each other (Figs.
4A–F); and dorsal marginal zone regions lacking NRH1
activity also tend to shed cells (Fig. 4G, H, insets). Might
these cells simply be dying, and are NRH1 proteins, like
p75NTR, involved in cell survival?TUNEL staining of control embryos and those injected with
NRH1 MOs reveals high levels of apoptosis (Figs. 5A–D), first
detectable at late gastrula stage 12 (data not shown). The
premature onset of apoptosis was also demonstrated by use
of an assay designed to detect active caspases, in which the
ability of cytoplasmic extracts to cleave truncated poly-
ADP-ribose polymerase (tPARP) is assessed (Stancheva et
561D. Knapp et al. / Developmental Biology 300 (2006) 554–569al., 2001). This assay revealed that active caspases are
present in embryos injected with the morpholino oligonu-
cleotides Xl MOa1 and Xl MOb1 as early as stage 12,
several hours before they are detectable in embryos injected
with a control MO, at stages 15 to 16 (Fig. 5E and data
not shown).
Programmed cell death in embryos injected with NRH1
MOs can be delayed, although not completely rescued, by
expression of RNA encoding NRH1b, arguing that the effect is
specific (Fig. 5F). In addition, injection of the antisense
morpholino oligonucleotide Xt MO into embryos of X.
tropicalis indicates that inhibition of NRH1 function in this
species also causes apoptosis (Fig. 5G, H). Similar results were
obtained using antisense morpholino oligonucleotides designed
to inhibit splicing of NRH1 in X. tropicalis (Figs. 5I, J; see
Fig. 7).
Down-regulation of NRH1 reduces expression of a subset of
mesodermal genes
Although recent reports have indicated that inhibition of
NRH1 function has little effect on gene expression in the early
Xenopus embryo (Chung et al., 2005; Sasai et al., 2004), we
have previously observed that down-regulation of Xbra causes
apoptosis in Xenopus (Conlon and Smith, 1999). We therefore
re-addressed the question of whether NRH1 antisense morpho-
lino oligonucleotides do affect gene expression during gastrula
stages.
Embryos received injections of our control MO, Xl MOb1,
or Xl MOa1 at the one-cell stage, and RNA was extracted at
stages 10, 11, 13 and 16. Expression of Xbra (Smith et al.,
1991), Chordin (Sasai et al., 1994), Xwnt11 (Ku and Melton,
1993), Goosecoid (Cho et al., 1991), Bix3 (Tada et al., 1998)
and NRH1a was measured by real-time RT-PCR and normal-
ised to levels of ornithine decarboxylase (ODC) (Bassez et al.,
1990). To our surprise, we found that levels of Xbra, which is
expressed throughout the marginal zone, are significantly
reduced by loss of NRH1 function (Fig. 6A), as are levels of
Chordin (Fig. 6B). Levels of Xwnt11 and, especially, Goose-
coid and Bix3, are less affected, although transcription of
Wnt11 and Goosecoid is elevated at later stages, perhaps
through indirect effects (Fig. 6C, D, F and data not shown).
Similar results have been observed in X. tropicalis, where the
antisense morpholino oligonucleotide Xt NRH1 causes down-Fig. 4. Effect of loss of NRH1 function on cell spreading and convergent extension. (A
prematurely at neurula stage 15. Embryos of X. laevis were injected at the one-cell sta
or rhodamine-dextran (red), respectively. Animal caps derived from the two type of e
onto fibronectin-coated dishes. (A) Stage 13; both control cells (green) and cells lack
remain adherent, but cells lacking NRH1 activity (red) detach from the substrate. (C–
the animal pole regions of embryos injected at the one-cell stage with the indicated
cultured to the equivalent of late neurula stage 17. Cells derived from control embryo
which NRH1 activity is inhibited fail to aggregate in a dose-dependent manner. (G,
injected with Xl MOb1 tend to shed cells and elongate only poorly. Embryos were in
zone regions were dissected from such embryos at early gastrula stage 10, assembled
Note the dramatic elongation of control sandwiches (G) compared with those in whi
dorsal marginal zone regions (arrowheads in G) but not those in which NRH1 functio
removal of detached cells. Note that dorsal marginal zone regions derived from embregulation of both Xbra and Chordin (Fig. 7E and data not
shown).
Interestingly, expression of both Xenopus NRH1 tran-
scripts is significantly reduced by single NRH1 MOs (Fig.
6E, F and data not shown), suggesting that NRH1 proteins
function in an autoregulatory loop, perhaps involving FGF
signalling (Chung et al., 2005). This observation may explain
why MOs targeted against just one NRH1 transcript have such
dramatic effects, and why we do not see synergistic activities
of the two NRH1 MOs on embryonic development (data not
shown).
The down-regulation of Xbra expression caused by NRH1
MOs was confirmed by in situ hybridisation (Fig. 6G) and by
western blotting using an antibody specific for Xbra (Cunliffe
and Smith, 1994) (Fig. 6H). We also observed down-
regulation of Xbra in X. tropicalis embryos injected with
two antisense morpholino oligonucleotides designed to inter-
fere with the correct splicing of the X. tropicalis transcript
(Fig. 7E). The fact that down-regulation of Xbra (and Chor-
din) was observed with three distinct non-overlapping MOs in
X. tropicalis argues that the decrease in expression of these
genes is a specific effect of the loss of NRH1 function. The
MOs designed to interfere with splicing of X. tropicalis NRH1
caused phenotypes similar to those observed using MOs
designed to interfere with translation of NRH1 mRNA
(compare Figs. 2I, J with Figs. 7F–G).
Apoptosis caused by NRH1 morpholino can be delayed by
injecting Xbra RNA
Injection of a dominant-negative Xbra construct into Xeno-
pus embryos causes apoptosis (Conlon and Smith, 1999),
raising the possibility that the programmed cell death observed
in Fig. 5 is a consequence of the down-regulation of Xbra
described in Fig. 6. Consistent with this idea, injection of an
antisense morpholino oligonucleotide directed against Xbra
also causes apoptosis (Figs. 8A, B) and, most significantly,
programmed cell death caused by NRH1 MOs is delayed or
inhibited by co-expression of Xbra (Fig. 8C).
Injection of Xbra RNA failed to rescue the morphological
defects of embryos injected with antisense morpholino
oligonucleotides directed against NRH1, although complete
rescue is unlikely to occur in these circumstances because
widespread expression of Xbra itself causes disruption of, B) Cell spreading on fibronectin is not prevented by Xl MOb1, but cells detach
ge with 80 ng control MO or Xl MOb1 together with fluorescein-dextran (green)
mbryo were pooled, and cells were dissociated, treated with activin and seeded
ing NRH1 activity (red) adhere to fibronectin. (B) Stage 15; control cells (green)
F) Loss of NRH1 function interferes with cell–cell adhesion. Cells derived from
MOs were treated with activin, seeded onto a fibronectin-coated substrate and
s detach from the substrate and form clumps, but those derived from embryos in
H) Dorsal marginal zone regions (‘Keller sandwiches’) derived from embryos
jected at the one-cell stage with 80 ng control MO or Xl MOb1. Dorsal marginal
into Keller sandwiches and cultured to the equivalent of late neurula stage 18.
ch NRH1 activity is inhibited (H). Note also that cement glands form in control
n is inhibited (H). The insets in (G) and (H) show Keller sandwiches before the
ryos injected with Xl MOb1 shed many cells.
Fig. 5. Apoptosis in embryos injected with NRH1 MOs. (A–D) Whole-mount TUNEL assays of X. laevis embryos at stage 14 reveal low levels of apoptosis in
embryos injected with 80 ng of a control MO and high levels in embryos injected with 80 ng Xl MOa1 (B) or Xl MOb1 (C). (D) An embryo injected with 80 ng Xl
MOb1 and bisected at stage 14. Anterior is to the right. Note high levels of apoptosis in dorsal and ventral mesoderm and in ectoderm. (E) Apoptosis in Xenopus
embryos analysed by a tPARP cleavage assay. Arrows indicate the major tPARP cleavage product, which indicates the presence of active caspases. Note that apoptosis
is detectable in embryos injected with a control MO at stage 20, but occurs earlier in embryos injected with NRH1 MOs and, as a positive control, in embryos treated
with cycloheximide (CHI). (F) The premature onset of apoptosis in embryos injected with Xl MOb1 is delayed by subsequent injection of 500 pg RNA encoding
NRH1b. (G–J) Inhibition of NRH1 function in X. tropicalis also causes apoptosis. Embryos were injected with our control MO (G), with Xt MO (H) or with MOs
designed to prevent correct splicing of NRH1 mRNA in X. tropicalis (I, J; see Fig. 7) and were analysed by TUNEL staining at stage 13. Note increased levels of
apoptosis in panels H, I and J. This experiment has been carried out three times using Xt MO and once using +intron 1 MO and Δexon 2 MO, with the same result
obtained each time.
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also apply to the inability of activated forms of the small
GTPases Rho, Rac and Cdc42 to rescue gastrulation movements
(see below).Together, our data suggest that the decrease in Xbra
expression is at least partly responsible for the disruption of
gastrulation caused by NRH1 MOs. This might then cause the
down-regulation of components of the planar cell polarity
Fig. 6. Gene expression in embryos lacking NRH1 function. (A–E) Xenopus embryos were injected at the one-cell stage with 80 ng of a control MO or of Xl MOa1 or
Xl MOb1. They were then assayed by real-time RT-PCR at stages 10, 11, 13 or 16 for expression of Xbra (A), Chordin (B), Xwnt11 (C), Goosecoid (D) or NRH1a (E).
All values were normalised to those of ornithine decarboxylase and are presented as arbitrary units. Note that levels of Xbra, Chordin and NRH1b are substantially
reduced by inhibition of NRH1 activity. (F) Scatter graphs summarising the results of four independent experiments investigating gene expression levels in embryos in
which NRH1 activity is inhibited. The results show the fold reduction in gene expression caused by NRH1 MOs (such that a value of 1 would indicate no difference
between control embryos and embryos injected with Xl MO1a or Xl MOb1). The ratios were calculated at the stage at which each gene was expressed at its maximum
level (for example, at stage 11 for Xbra and stage 13 for Chordin). (G) Xenopus embryos were injected at the two-cell stage with 40 ng control MO into one blastomere
and 40 ng Xl MOb1 into the other. The control and experimental sides of the embryos were distinguished by co-injection of 4 ng Lissamine-labelled control MO or
fluorescein-labelled control MO. Embryos were allowed to develop to early gastrula stage 10 when they were analysed by in situ hybridisation using a probe specific
for Xbra. Note that levels of Xbra are lower in the descendants of the blastomere injected with Xl MOb1 (right). Nine experiments of this kind have been carried out,
together with five where one side of the embryo was injected with Xl MOb1 and the other left uninjected and six where one side of the embryo was injected with
control MO and the other left uninjected. Only in the latter group were levels of Xbra similar in the two halves of the embryo. (H) Western blot of extracts from
embryos injected at the cell stage with 80 ng of a control MO or Xl MOb1, probed with an antibody specific for Xbra (upper panel) or GAPDH (lower panel). Note that
levels of Xbra are greatly reduced by inhibition of NRH1 protein function.
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Fig. 7. Antisense morpholino oligonucleotides designed to interfere with the correct splicing of X. tropicalis NRH1 RNA cause down-regulation of Xbra and Chordin
and morphological defects that resemble those caused byMOs designed to inhibit NRH1 translation. (A) The first three exons (of a total of six or seven) of X. tropicalis
NRH1. The figure shows the position of the MO designed to interfere with NRH1 translation (ATGMO) and the positions of the forward (F1) and reverse (R1, R2) PCR
primers used to assess the efficacy of the MOs designed to interfere with splicing. The figure is not drawn to scale. Exon 1 is 326 base pairs (bp), intron 1 is 9013 bp,
exon 2 is 134 bp, intron 2 is 740 bp, and exon 3 is 363 bp. If the mRNA is correctly spliced, the combination of F1 and R1 should give no PCR product and F1 and R2
should yield a product of 490 bp. (B) The +intron 1 MO is designed to cause intron 1 to be retained, so that the first 15 amino acids are followed by 67 missense amino
acids before a stop codon is reached. If intron 1 is retained in this way, the combination of F1 and R1 should give a PCR product of 280 bp and F1 and R2 should yield a
product in excess of 9.0 kb. (C) The Δexon 2 MO is designed to exclude exon 2 from the mature RNA. In this case, exon 3 would no longer be in frame with exon 1,
and a truncated protein consisting of 15 correct amino acids followed by 25 missense residues would be formed before a stop codon is encountered. If exon 2 is deleted
in this way, the combination of F1 and R1 should yield no PCR product and F1 and R2 should yield a product of 360 bp. (D) Verification of the efficacy of MOs +intron
1 andΔexon 2. Comparisons of lanes 2 and 3, and 6 and 7, indicate that both MOs reduce levels of correctly spliced transcript by≥50%. Note that the predicted 9.5 kb
band in lane 4 is absent, probably because our PCR conditions do not efficiently amplify products of this size. (E) Embryos were injected with 30 ng of the indicated
MOs and cultured to stage 11.5 before being assayed for expression of Xbra and Chordin. Note that all three MOs cause down-regulation of both genes. Analysis of
Xbra expression revealed that similar results were obtained at stages 10.5 and 12.5, and the same down-regulation was observed when the experiment was repeated.
(F–J) MOs +intron 1 andΔexon 2 yield similar phenotypes in whole embryos (compare with Fig. 2). The phenotype observed with MO +intron 1 is more severe than
that observed with Δexon 2 (indeed, such embryos do not survive to stage 32); the reason for this is unclear.
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widespread apoptosis.
Apoptosis caused by inhibition of NRH1 function can be
delayed by the expression of small GTPases of the Rho family
Sasai and colleagues have recently shown that NRH1
proteins modulate the planar cell polarity pathway by activating
downstream effectors including Rho, Rac and Cdc42 (Sasai et
al., 2004). These small GTPases have also been implicated inapoptosis (Sahai and Marshall, 2002), suggesting that they also
act downstream of NRH1 in regulating programmed cell death in
the Xenopus embryo. To investigate this possibility, Xenopus
embryos received injections of NRH1 MOs together with RNA
encoding constitutively active forms of Rho, Rac or Cdc42.
These molecules can ‘rescue’ the activin-induced elongation of
animal pole regions derived from embryos injected with NRH1
MOs (Sasai et al., 2004), and our data show that they can also
delay the onset of apoptosis caused by loss of NRH1 function
(Figs. 9A–C). They do not restore normal gastrulation move-
ments (data not shown), perhaps because these require strict
spatio-temporal control of small GTPase activities.
Interference with the planar cell polarity pathway causes only
limited cell death
Our experiments suggest that one way in which depletion of
NRH1 causes apoptosis is through the down-regulation of Xbra
and the subsequent disruption of the planar cell polarity
pathway, which in turn prevents the activation of small GTPases.
However, antisense morpholino oligonucleotides directed
against Xbra (Figs. 8A, B) elicit less dramatic programmed
cell death than do MOs directed against NRH1 proteins
(compare Fig. 8B with Fig. 9E), and the same is true of the
dominant-negative Xbra construct Xbra-EnR (Conlon et al.,
1996; Conlon and Smith, 1999). Furthermore, additional
experiments (Figs. 9D–F) show that Dsh-DEP+, a dominant-
negative version of Dishevelled that interferes specifically with
the PCP pathway (Tada and Smith, 2000), also causes only
limited apoptosis. These results suggest that the survival role of
NRH1 is exerted not only through the Dishevelled-independent
activation of small GTPases (Sasai et al., 2004) but also through
some other, perhaps more direct, mechanism.
Discussion
The results described in this paper indicate that NRH1
proteins are required for the proper expression of a subset of
genes expressed in the mesoderm of the Xenopus embryo,
including Xbra and Chordin (Figs 6, 7). As well as causing
the down-regulation of these genes, loss of NRH1 function
disrupts gastrulation and causes apoptosis (Figs 2, 5). These
effects are likely partly to be due to the decrease in Xbra
expression (Conlon and Smith, 1999), but they may also beFig. 8. Apoptosis in embryos injected with NRH1 antisense morpholino
oligonucleotides is delayed or prevented by injection of RNA encoding Xbra.
(A, B) Inhibition of Xbra function by injection of a specific MO causes limited
apoptosis. (A) TUNEL staining of embryos injected at the one-cell stage with
80 ng control MO and cultured to stage 14. Note the absence of apoptosis. (B)
TUNEL staining of embryos injected with 80 ng Xbra MO. Note apoptotic cells.
(C) Injection of RNA encoding Xbra delays or rescues apoptosis induced by
NRH1 MOs. Embryos were injected at the one-cell stage with 80 ng of a control
MO or with Xl MOb1 or Xl MOa1 as indicated. They then received, at the 2–4-
cell stage, a total of 50 pg Xbra RNA injected at four positions in the equatorial
region. Embryos were cultured for equivalent times to the indicated stages, and
extracts were assayed for the ability to cleave tPARP. Note that the onset of
caspase activity is delayed or prevented by Xbra. This experiment has been
carried out twice, with the same result both times.
Fig. 9. Apoptosis in embryos injected with NRH1 antisense morpholino oligonucleotides is delayed or prevented by injection of RNA encoding active forms of
the small GTPases Rho, Rac or Cdc42. (A–C) Embryos were injected at the one-cell stage with 80 ng of a control MO or of Xl MOb1 as indicated, and at the 2-
to 4-cell stage, they were injected at four equatorial positions with RNA encoding constitutively active forms of Rho, Rac or Cdc42 (5, 50 and 30 pg per embryo,
respectively). They were cultured to the indicated stages, and extracts were assayed for the ability to cleave tPARP. Note that the onset of caspase activity is
delayed by active forms of all three small GTPases. With the exception of the experiment involving Rac, these experiments have been carried out twice, with the
same results both times. (D–F). Inhibition of the planar cell polarity pathway, and the resulting disruption of gastrulation, does not cause dramatic apoptosis.
Embryos were injected at the one-cell stage with 80 ng of a control MO (D), or with 80 ng of Xl MOb1 (E). In panel F, 3.6 ng RNA encoding Dsh-DEP+, a
dose that is sufficient severely to disrupt gastrulation, was delivered by four equatorial injections made at the 2- to 4-cell stage. They were cultured to stage 14
and subjected to whole-mount TUNEL staining. Note that, in contrast to embryos injected with Xl MOb1 (E), little apoptosis occurs in embryos injected with
RNA encoding Dsh-DEP+ (F). Note that the experiments in panels D–F were carried out at the same time as those illustrated in Figs. 8A, B, and the control
embryos in Fig. 8A and panel D are identical.
566 D. Knapp et al. / Developmental Biology 300 (2006) 554–569independent effects of NRH1, which has been shown to
regulate the activity of small GTPases (Sasai et al., 2004)
and, as a member of the tumour necrosis factor receptor
superfamily, may in addition play a role in regulating cell
death (see below). Together, our results present an alternative
view of NRH1 function in the Xenopus embryo, and they
may provide new models for analysing the ways in which
these proteins control gene expression and cell death.NRH proteins and the TNF receptor family
The neurotrophin receptor (p75NTR) and two neurotrophin
receptor homologues (NRHs) comprise a subfamily of the
tumour necrosis factor receptor (TNFR) superfamily. Most
members of this subfamily are characterised by four cysteine-
rich motifs in their extracellular domains and a death domain in
their cytoplasmic regions which, by interacting with other
567D. Knapp et al. / Developmental Biology 300 (2006) 554–569proteins, elicits specific cellular responses following ligand
binding to the extracellular domain (Hutson and Bothwell,
2001). Interestingly, and in contrast to p75NTR, XenopusNRH1
does not associate with any of the known neurotrophins (Sasai et
al., 2004), suggesting either that their role is independent of
neurotrophin binding or that there remain neurotrophins yet to be
discovered. We note that mammalian NRH2 proteins have a
greatly reduced extra-cellular domain, and although they do not
interact with NGF directly, they regulate its binding to TrkA
tyrosine kinase receptors (Murray et al., 2004). In addition, a
short variant of p75NTR that lacks most of the extracellular
domain of the long version is essential for early mouse
development, suggesting that this too can function in the
absence of direct interaction with a ligand (von Schack et al.,
2001); perhaps the same is true of Xenopus NRH1.
NRH1 and the regulation of gene expression in the Xenopus
embryo
Inhibition of NRH1 function causes the down-regulation of
Xbra and Chordin and, to a lesser extent, that of Xwnt11
(Fig. 6). As we discuss below, the decrease in expression of
these genes, and particularly that of Xbra, could lead both to a
disruption of gastrulation (Conlon et al., 1996; Tada and Smith,
2000) and to the premature onset of apoptosis (Conlon and
Smith, 1999). Indeed, we note that the phenotype of embryos
lacking NRH1 proteins (Fig. 2) resembles that of embryos
expressing a dominant-negative Xbra construct (Conlon et al.,
1996) and that inhibition of NRH1 function, like inhibition of
Xbra, does not prevent activin-induced spreading of animal pole
blastomeres on a fibronectin-coated substrate, but does block
convergent extension of animal caps (Conlon and Smith, 1999).
Our results contrast with those of Sasai et al. (2004) and
Chung et al. (2005), who see no effect of NRH1 MOs on
mesodermal gene expression. One possibility is that levels of
NRH1 proteins were more severely down-regulated in our
experiments than in the other studies, which sometimes used
lower doses of MOs. Certainly the morphological phenotypes
observed in our work are more extreme (Fig. 2), and it may be
that low levels of NRH1 are sufficient to maintain normal levels
of transcription but insufficient to allow normal gastrulation
movements. Indeed, although we consistently observe down-
regulation of Xbra in embryos in which NRH1 activity is
inhibited, the extent of this down-regulation varies from
experiment to experiment (Fig. 6F), and in some cases might
be difficult to detect using semi-quantitative techniques.We note
that our analysis of Xbra expression makes use of quantitative
RT-PCR, in situ hybridisation, and western blotting, with the
same result obtained by each technique.
One way in which NRH1 proteins might affect the expression
of genes such as Xbra and Chordin is through the activity of
membrane metalloproteinases that cleave the intracellular
domains of p75NTR and NRHs. The cleaved intracellular
domains can then translocate into the nucleus to activate the
expression of genes such as NF-kB (Kanning et al., 2003). We
are now making use of transgenic Xenopus embryos and the
Xbra promoter (Latinkic et al., 1997; Lerchner et al., 2000) toask how NRH1 signalling affects the expression of this gene,
thereby providing more general insights into the regulation of
gene expression by this family of proteins.
NRH1 proteins and apoptosis
Our results suggest that the programmed cell death
caused by inhibition of NRH1 activity occurs through both
direct and indirect routes. One indirect route derives from
the ability of NRH1 proteins to activate Rho, Rac and
Cdc42 (Sasai et al., 2004). Small GTPases such as these
have already been implicated in programmed cell death
(Sahai and Marshall, 2002), and evidence that they are
involved in apoptosis caused by NRH1 MOs in Xenopus
comes from the fact that activated forms of Rho, Rac and
Cdc42 can delay the onset of caspase activity (Fig. 9).
NRH1 MOs also cause the down-regulation of Xbra (Fig.
6), and this provides another mechanism for the induction of
apoptosis (Conlon and Smith, 1999) because Xbra induces
the expression of members of the planar cell polarity
pathway such as Xwnt11 (Tada and Smith, 2000). Other
components of the PCP pathway such as Frizzled 8 are also
involved in apoptosis (Lisovsky et al., 2002), and it is again
possible that cell death occurs because of inappropriate
levels of activity of Rho, Rac and Cdc42 (Choi and Han,
2002; Habas et al., 2003; Habas et al., 2001; Penzo-Mendez
et al., 2003; Strutt et al., 1997).
Our data indicate, however, that a direct mechanism for the
induction of apoptosis by NRH1 MOs may be of greater
significance. First, activated forms of the small GTPases Rho,
Rac and Cdc42 merely delay the onset of apoptosis caused by
inhibition of NRH1 activity; they do not inhibit it. Furthermore,
an antisense morpholino oligonucleotide directed against Xbra
causes only limited programmed cell death (Figs. 8A, B), as does
inhibition of the PCP pathway by expression of Dsh-DEP+
(Figs. 9D–F). NRH1 proteins, like the neurotrophin receptor
p75NTR, contain a death domain in their cytoplasmic regions
(Hutson and Bothwell, 2001), and the premature and dramatic
apoptosis that occurs in embryos injected with NRH1 MOs may
thus occur directly through the loss of their activities. This
possibility, and the mechanism by which it might occur, requires
further investigation because little is known about the mode of
action of NRH1 proteins in any system. The analysis of NRH1
function in Xenopus provides an excellent system in which to
carry out such a study.
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